Phosphate is an essential nutrient for life on Earth, present in adenosine triphosphate (ATP), deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and phospholipid membranes. Phosphorus does not have a significant volatile phase, and its release from minerals is therefore critical to its bioavailability. Organic ligands can enhance phosphate release from minerals relative to release in inorganic solutions, and phosphorus depletion in paleosols has consequently been used as a signature of the presence of ligands secreted by terrestrial organisms on early Earth. We performed batch dissolution experiments of the Mars-relevant phosphate minerals merrillite, whitlockite, chlorapatite, and fluorapatite in solutions containing organic compounds relevant to Mars. We also analyzed these phosphate minerals using the ChemCam laboratory instrument at Los Alamos, providing spectra of end-member phosphate phases that are likely present on the surface of Mars. Phosphate release rates from chlorapatite, whitlockite, and merrillite were enhanced by mellitic, oxalic, succinic, and acetic acids relative to inorganic controls by as much as >35 · . The effects of the organic compounds could be explained by the denticity of the ligand, the strength of the complex formed with calcium, and the solution saturation state. Merrillite, whitlockite, and chlorapatite dissolution rates were more strongly enhanced by acetic and succinic acids relative to inorganic controls (as much as >10 ·) than were fluorapatite dissolution rates ((2 ·). These results suggest that depletion of phosphate in soils, rocks or sediments on Mars could be a sensitive indicator of the presence of organic compounds.
1. Introduction P hosphorus, either as phosphate (Powner et al., 2009) or as a more reduced form (Pasek and Block, 2009; Pasek and Kee, 2011) , is considered essential for life to form. As phosphorus does not have a significant volatile phase, its release from minerals is critical to its bioavailability. On Earth, living organisms use phosphate to stabilize ribonucleic acid (RNA), deoxyribonucleic acid (DNA), and phospholipid membranes. Phosphate likely also played important roles in prebiotic chemistry including as a pH buffer and catalyst (Powner et al., 2009) . Phosphorus mobility from paleosols under low-rainfall conditions has also been considered a proxy for organic compounds secreted by terrestrial organisms on early Earth (Neaman et al., 2005) .
Phosphate release from minerals is controlled by a variety of factors including mineralogy. Phosphate release by dissolution from Mars-relevant minerals such as merrillite and chlorapatite has been previously shown to differ significantly from phosphate release from fluorapatite, the dominant igneous phosphate phase on Earth (Adcock et al., 2013) . This previous work examined dissolution of Marsrelevant phosphate-bearing minerals over a range of pH values in inorganic solutions (Adcock et al., 2013) .
Annually, 240 metric tons of organic material are deposited on Mars from carbonaceous chondrites and interplanetary dust particles (IDPs) (Flynn, 1996) . The organic matter found in carbonaceous chondrites, and therefore likely to be deposited on Mars, encompasses a broad range of organic compounds including carboxylic acids, dicarboxylic acids, and sulfonic acids (Pizzarello et al., 2006) . Carboxylic acids are the most concentrated water soluble organic compounds in Murchison and other carbonaceous chondrites, with acetic acid as the most abundant carboxylic acid (Huang et al., 2005) . The highest concentration dicarboxylic acid in the Tagish Lake (CI2) meteorite is succinic acid (Pizzarello and Huang, 2002) , and the highest concentration sulfonic acid in the Murchison meteorite is methylsulfonic acid (Cooper et al., 1992) .
In addition to the water soluble organic compounds, refractory organic matter (up to 3% of meteoritic material) (Hayes and Biemann, 1968) is also deposited on the martian surface (Derenne and Robert, 2010; Quirico et al., 2014) . Recent measurements by the Sample Analysis at Mars (SAM) instrument have detected the presence of organic predecessors to chlorobenzene, as well as a range of organic compounds (Freissinet et al., 2015; Miller et al., 2016; Eigenbrode et al., 2018) . Degradation products of refractory organic matter in martian soils would likely include benzenhexacarboxylic acid (i.e., mellitic acid), as well as acetic and possibly oxalic acid, with concentrations of mellitic acid predicted based on theoretical work to reach 500 ppm (mg mellitic acid per kg soil) in martian soils after 3 billion years (Benner et al., 2000) , although measurements by SAM indicate organic concentrations in Yellowknife Bay of up to about 300 ppb (Freissinet et al., 2015) , and nanomolar concentrations in Mojave and Confidence Hills (Eigenbrode et al., 2018) . Acetic, succinic, and oxalic acids are also known to be produced by terrestrial microorganisms (Heyer and Krumbein, 1991; Prescott et al., 1996; Madigan et al., 2003) .
Previous experimental work has shown enhanced dissolution of fluorapatite and hydroxyapatite in the presence of organic compounds (Tanaka et al., 1989; Neaman et al., 2005; Goyne et al., 2006) , and therefore dissolution of Marsrelevant phosphates would likely be impacted by organic compounds as well. To assess the effect of organic compounds on dissolution of phosphate minerals found in martian meteorites, we measured the dissolution rates of whitlockite, merrillite, chlorapatite, and fluorapatite in solutions containing five organic compounds likely present on Mars: acetic, succinic, oxalic, methylsulfonic, and mellitic acids. To the best of our knowledge, no prior studies have examined the effect of organic compounds on whitlockite, merrillite, or chlorapatite dissolution rates. We also performed laserinduced breakdown spectroscopy (LIBS) ChemCam analyses using the ChemCam laboratory instrument at Los Alamos to assess if these four phosphates can be distinguished on the martian surface by ChemCam and SuperCam.
Phosphate release rates from chlorapatite, whitlockite, and merrillite were enhanced by mellitic, oxalic, succinic, and acetic acids relative to inorganic controls by as much as >35 · , with phosphate release rates from merrillite, whitlockite, and chlorapatite dissolution much more strongly enhanced by acetic and succinic acids (as much as >10 ·) than phosphate release rates from fluorapatite dissolution ((2 ·). These results suggest that depletion of phosphate in martian rocks, soils and sediments may be a more sensitive indicator of past organic compounds than phosphate depletion in terrestrial rocks, soils and sediments. Hughes et al. (2008) and Adcock et al. (2014) . One gram of hydroxyapatite was mixed with 0.300 g magnesium nitrate in 90 mL 18.2 MO$cm -1 water. The mixture was acidified to a pH <2.8 with phosphoric acid and heated for 7 days at 240°C. Merrillite was also synthesized following Hughes et al. (2008) by heating whitlockite for 24-48 h at 1095°C; merrillite synthesized in this manner may contain traces of other minerals (Adcock et al., 2014) . Chlorapatite was synthesized by combining 3.12 g hydroxyapatite with 3.88 g calcium chloride and heating for 24 h at 1100°C (Prener, 1967 (Prener, , 1971 Tacker and Stormer, 1993; Dachs et al., 2010) . Fluorapatite [Ca 5 (PO 4 ) 3 F] from Durango, Mexico was purchased from Minerals Unlimited (Ridgecrest, CA).
Each mineral was powdered, sieved, and cleaned before use in the dissolution experiments. Minerals were crushed in an agate mortar and pestle and then sieved to the size fraction 38-75 mm (400-200 mesh) for merrillite, chlorapatite, and whitlockite, and 75-150 mm (200-100 mesh) fraction for fluorapatite. The respective size fraction for each mineral was cleaned by sonicating in spectrographic grade ethanol at 3-min intervals, multiple times, until the supernatant was clear. /g for fluorapatite (measured using Kr gas) were used from Adcock et al. (2013) . Roughness factors (BET/Geometric Specific Surface Area ratio) can be highly variable (e.g. 2 to >900 for plagioclase) (White and Brantley, 2003) . Roughness factors for these materials are <2, indicating that factors like mesoporosity and overall particle shape are not significantly increasing the BET measurements.
Batch dissolution experiments
For each dissolution experiment, 0.150 g of mineral (whitlockite, merrillite, chlorapatite, or fluorapatite) were measured into 250 mL polypropylene bottles and autoclave sterilized to prevent microbial contamination during experiments. One hundred and eighty milliliters of solution was added to the 250 mL polypropylene bottles. All solutions were made with 18.2 MO$cm -1 deionized water, and consisted of 0.01 M solutions of potassium nitrate, with or without the organic compound of interest adjusted to pH 5.5 using high purity nitric acid and potassium hydroxide and then filter-sterilized with a 0.2 mm polycarbonate filter. The pH of 5.5 was used to ensure that the organic compounds would be at least partially deprotonated, and thus able to complex Ca. Sodium acetate (>99% purity) and sodium succinate hexahydrate (98% purity) were purchased from Alfa Aesar. Sodium methyl sulfate (98% purity) and mellitic acid (>98% purity) were purchased from TCI. Sodium oxalate (>99.5% purity) was purchased from Sigma-Aldrich. All organic compounds are referred to as organic acids in this work, although they are largely deprotonated as discussed section 3.5 below. Inorganic dissolution controls and mineralfree blanks were performed for each mineral-organic acid condition. Inorganic dissolution controls contained only potassium nitrate solution and mineral. Blanks were prepared with solutions containing no mineral. All experiments, blanks and controls were performed in duplicate.
All batch dissolution experiments were agitated at 100 rpm in a temperature-controlled shaking water bath at 25.0°C -0.1°C. Ten milliliters of solution was removed every hour for 6 h as well as once per day for the following 2 days. The pH was measured on a separate, unfiltered aliquot. The remaining sample was filtered using a 0.22 mm polypropylene filter and acidified to 1% v/v with high purity HNO 3 for subsequent analysis of phosphorus and calcium.
Analytical methods
Inorganic solutions and solutions containing acetic, succinic, methylsulfonic, and mellitic acids were analyzed for phosphorus concentrations using the colorimetric methyl blue/ascorbic acid method (Murphy and Riley, 1962) . Absorbance was measured on a Thermo Scientific Genesys 10S ultraviolet-visible spectrophotometer at 882 nm wavelength. The absorbance of the colorimetric phosphate complex at 882 nm is linearly correlated to phosphate concentrations from 0.005 to 0.100 mM. Linear calibration curves based on six standards had R 2 values of 0.98 or better. Analytical uncertainty was estimated as 0.003 mM, based on the average of the standard errors of the regressions of the calibration curves.
Phosphate in samples containing oxalic acid could not be measured using the colorimetric ascorbic blue method. Therefore, samples containing oxalic acid were analyzed for phosphate using an iCAP Qc inductively coupled plasma mass spectrometer (ICP-MS) from ThermoFisher Scientific. Samples for ICP-MS analysis were diluted up to 40· with 18.2 MO$cm -1 water and acidified to 1% v/v with ultra-pure HNO 3 . Calibration curves based on six standards had R 2 values of 0.99 or better, with lower and upper standards of 0.005 and 0.100 mM, respectively. Calcium concentrations were measured using flame atomic absorption (AA) spectrometry on a Thermo Scientific, iCE 3000 Series AA spectrometer. To prevent phosphorus interference with calcium, 0.36 M lanthanum chloride was added to the samples at 10% v/v (APHA, 2005) . The analytical uncertainty was estimated as 5% (APHA, 2005) .
Calcium concentrations could not be determined for samples containing oxalic acid due to the formation of a precipitate. Goyne et al. (2006) also observed a decrease in calcium concentration during mineral dissolution in the presence of oxalic acid, attributing it to the likely formation of a calcium oxalate precipitate.
Solution chemistry modeling
2.4.1. Negatively charged ligands in solution. Using the mass action equation for ligand protonation and the log K values for each organic acid we calculated the total concentration of negatively charged ligands at the initial pH and final pH of each experiment.
2.4.2. PhreeqC modeling. Previous work has shown that the apparent solubility of fluorapatite is controlled by a leached layer with the composition of di-calcium phosphate anhydrous (DCPA) (Chairat et al., 2007) . Making the assumption that such a leached layer is likely relevant to dissolution in our experiments, we determined the saturation index (SI) for the initial and sixth solution concentrations (the sixth sampling point is the final one used in the dissolution rate calculations) for each mineral experiment in inorganic solutions using the computer code PHREEQC (Parkhurst and Appelo, 1999) and the equilibrium constant for DCPA determined by Chairat et al. (2007) . Where aqueous components were not measured (e.g., F and Cl for fluroapatite and chlorapatite, respectively, and Mg for whitlockite and merrillite), release was assumed to be in a stoichiometric ratio with Ca, after Valsami-Jones et al. (1998) .
2.4.3. Ca and P release. Moles of calcium and phosphorus released were calculated after Welch and Ullman (2000) , by accounting for volume loss during sampling:
where m (t) is the moles released at time t, C is the concentration of calcium or phosphate measured at time t and t -1, and V is the volume of solution in L.
2.4.4. Mineral dissolution rates. Moles of calcium and phosphorus released (Eq. 1) as a function of time are fit with a linear regression, where the slope of the line is the rate of calcium or phosphorus release. The rate of dissolution of the mineral is then calculated from either the calcium or phosphate release rate using the expression below.
where r diss is the mineral dissolution rate in moles (of mineral) m
, Dm/Dt is calcium or phosphate release rate in mol/s, A is the total surface area of the mineral in m 2 , and S is moles calcium or phosphate in the mineral. Surface areas used here are from Adcock et al. (2013) .
Measurements by LIBS
LIBS measurements were performed on Mg-bearing whitlockite, Fe-bearing whitlockite, Mg-bearing merrillite, Fe-bearing merrillite, chlorapatite and fluorapatite. Mgbearing whitlockite, Mg-bearing merrillite, and chlorapatite were synthesized, and fluorapatite purchased as described above. Fe-bearing whitlockite and Fe-bearing merrillite were synthesized as described in Adcock et al. (2014) . Merrillite synthesized in this manner may contain traces of other minerals (Adcock et al., 2014) .
The mineral powders (<150 mm size fraction) were pressed at 35,000 psi for 5 min to produce small pellets following a standard approach in laboratory LIBS analysis (Clegg et al., 2009; Tucker et al., 2010; Dyar et al. 2011) . Samples were analyzed using the ChemCam laboratory instrument at Los Alamos, essentially identical to the one on Mars Wiens et al., 2012) . Analyses were carried out at 5 m distance, under a 7 Torr CO 2 atmosphere to simulate data collection on Mars. Measurements were performed at an instrument temperature of 13.2°C, with 1 titanium standard analyzed to verify proper wavelength calibration. Each measurement consisted of 50 laser shots at 14 mJ a rate of 3 Hz, in five different locations on each pellet. The mean of the 50 shots was used for all analyses.
Results

pH change
Overall, pH values for the dissolution experiments increased to the largest extent during the six time points used for calculating dissolution rates (Table 1) for inorganic solutions and solutions containing methylsulfonic acid (with the greatest increase up to *pH = 7). pH changes in oxalic acid-containing solutions showed the second largest increase (up to pH = 6.00), and all other solutions showed relatively little increase (up to pH = 5.71) (see also Table 1 ). This difference is most likely due to the buffering effect of the weak organic acids relative to methylsulfonic acid, which is a strong acid, and the inorganic solutions, which contained no organic acids. The increase in pH in the oxalic acid solutions is most likely due to large amounts of dissolution occurring in those solutions (Table 1) .
Ca and P release
Phosphate release and calcium release, where calcium was measurable, were both linear over the first six sampling points used for calculating dissolution rates (Figs. 1 and 2 and SOM). Calcium was not measurable in the presence of oxalic acid likely due to the precipitation of calcium oxalate (Goyne et al., 2006) . For all minerals, phosphate release rates were greatest in the presence of oxalic acid (as much as 45 · the inorganic control). Phosphate release rates from whitlockite, merrillite and chlorapatite were enhanced relative to the inorganic control (2.5 to >35 ·) for all organic compounds except methylsulfonic acid. In contrast, phosphate release rates from fluorapatite showed little effect from acetic, methylsulfonic and succinic acids (up to &2· release rates from the inorganic control). Calcium release FIG. 1. Calcium release from each mineral in the presence of the organic compounds. Mellitic acid caused a consistently large dissolution enhancement from all four minerals relative to inorganic solutions. Acetic acid and succinic acid resulted in a large enhancement of whitlockite, merrillite, and chlorapatite dissolution relative to inorganic solutions. However, in the presence of acetic acid and succinic acid, dissolution of fluorapatite was not significantly enhanced relative to the experiments containing inorganic solutions, which we attribute to the fact that fluorapatite dissolution occurs farther from equilibrium. Error bars represent analytical uncertainty estimated as 5% (APHA, 2005) . Note differences in scale on the y-axis to accommodate different concentrations.
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rates were enhanced from whitlockite, merrillite, and chlorapatite in the presence of all organic compounds relative to the inorganic control (3 to &14·) except methylsulfonic acid, with mellitic acid generally having the largest effect (&5 to &14·). Fluorapatite showed a strong enhancement of Ca release rates relative to the inorganic control only in the presence of mellitic acid (>4· the inorganic control). Elemental release trends in specific organic acid solutions are discussed further in the Discussion section.
Stoichiometry
Calcium and phosphate concentrations in solution were compared to the stoichiometric Ca:P ratio in each mineral. The Ca:P ratios for chlorapatite Ca 5 (PO 4 ) 3 Cl, whitlockite Ca 9 Mg(PO 3 OH)(PO 4 ) 6 , and fluorapatite Ca 5 (PO 4 ) 3 F used in this study are based on the International Mineralogical Association (IMA) formulae. The Ca:P ratio in merrillite [Ca 9.5 Mg(PO 4 ) 7 ] is based on a previous study by Adcock et al. (2013) , which used electron probe micro-analysis to confirm calcium substitution in synthesized merrillite.
All minerals showed non-stochiometric dissolution, with merrillite and fluorapatite showing Ca:P ratios that are closest to stoichiometric release (Fig. 3) . Whitlockite showed decreased Ca:P ratios for all organic compounds except mellitic acid, while chlorapatite showed increased Ca:P ratios for all organic compounds (Fig. 3) .
Previous studies of fluorapatite dissolution have shown the initial release of calcium to be greater than the release of other elements such as phosphate or fluorine, with longer term release (up to 2 months) reaching ratios that are closer to stoichiometric ratios (Valsami-Jones et al., 1998; Welch et al., 2002; Guidry and Mackenzie, 2003; Chairat et al., 2007) . Enhanced calcium release relative to other ions present in phosphate minerals is potentially due to the preferential leaching of calcium from the phosphate mineral surface (Valsami-Jones et al., 1998) . Phosphate is released from the calcium-depleted mineral surface layer, resulting in a Ca:P ratio that ultimately trends toward stoichiometric dissolution over time. In addition to the possible formation of a cation-depleted surface layer, re-adsorption of calcium onto the mineral surface could cause non-stoichiometric dissolution (Guidry and Mackenzie, 2003; Goyne et al., 2006) . The Ca:P ratios measured here indicate that both processes may be occurring in our experiments.
FIG. 2.
Phosphate release in the presence of the organic acids. Oxalic acid has the greatest effect on phosphate release from all four minerals, likely due to its behavior as a bidentate ligand. Phosphate release from whitlockite, merrillite and chlorapatite is more significantly enhanced relative to inorganic solutions in the presence of acetic and succinic acid than fluorapatite, which we attribute to the fact that fluorapatite dissolution occurs farther from equilibrium. Error bars represent analytical uncertainty of 0.003 mM, based on the average of the standard error of the calibration. Note different scales on the y-axis to accommodate different concentrations.
Mineral dissolution rates
Inorganic dissolution rates of merrillite, whitlockite, chlorapatite, and fluorapatite measured in this study are within about one order of magnitude of previously published dissolution rates at comparable pH values (Valsami-Jones et al., 1998; Welch et al., 2002; Guidry and Mackenzie, 2003; Adcock et al., 2013) (Fig. 4) . Rates measured in this study are slightly faster than previously measured rates, which may be due to autoclaving the minerals before dissolution (Fig. 4) ( Jenneman et al. 1986 ). Jenneman et al. (1986) suggest that autoclaving minerals increases pore size as well as penetrable depth of the mineral surface.
Negatively charged ligands in solution
Concentrations of the negatively charged ligands in solution calculated as described in the text indicate that they do not change by more than 0.002 M over the course of the experiments (see SOM at http://online.liebertpub.com/doi/ suppl/10.1089/ast.2017.1739).
Saturation indices
Saturation indices calculated from the first and sixth time point concentration data for each inorganic solution relative to DCPA, the phase likely present in leached layers, indicate that fluorapatite dissolution experiments remain more undersaturated than the experiments containing whitlockite, merrillite and chlorapatite (Table 2) .
Measurements by LIBS
Calcium peaks at 393.477 and 396.959 nm were clearly evident for all phosphate minerals (SOM). The CaF peak, previously identified by Forni et al. (2015) , was only identified in fluorapatite, while the CaCl peak at 593.5 nm was solely and clearly visible in the chlorapatite spectrum (SOM). Similarly, the hydrogen peak is unequivocally visible in the Mg-and Fe-bearing whitlockite samples, and absent in the Mg-and Fe-bearing merrillite samples (SOM).
Discussion
Phosphate release from minerals is critical for P bioavailability and can be increased in the presence of organic compounds. Early martian environments likely contained prebiotic organic compounds, deposited by IDPs and carbonaceous chondrites (Flynn, 1996) . To test the effect of organic compounds on phosphate release from Marsrelevant minerals, we performed dissolution experiments of merrillite, whitlockite, chlorapatite, and fluorapatite in the presence of the organic compounds mellitic acid, acetic acid, succinic acid, oxalic acid, and methylsulfonic acid. We also analyzed these minerals with the ChemCam instrument FIG. 3. Aqueous Ca:P ratios for dissolution of each mineral in the presence of the organic acids. The stoichiometric ratio in the mineral is indicated with the horizontal line. The Ca:P ratios in the fluorapatite dissolution experiments decrease toward stoichiometric, and merrillite ratios are close to stoichiometric values. In contrast, ratios in the solutions in the whitlockite experiments are largely below stoichiometric values, and ratios in the experiments with chlorapatite are largely above stoichiometric ratios. Calcium data are not available for oxalic acid bearing dissolution experiments likely due to the precipitation of calcium oxalate.
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at Los Alamos National Laboratory to determine if they can be distinguished by LIBS analyses. Below we discuss our results and their implications for Mars. Organic compounds have been previously found to enhance mineral dissolution by three mechanisms: (1) decreasing the pH of the solution, which can enhance dissolution (e.g., Tan, 1986; Furrer and Stumm, 1986) ; (2) forming complexes at the mineral surface that enhance dissolution (e.g., Furrer and Stumm, 1986; Stumm, 1997; Olsen and Rimstidt, 2008) ; and (3) enhancing dissolution by complexing ions in solution and therefore changing the extent of saturation of the solution with respect to a solid phase (e.g., Drever and Stillings, 1997) . Our solutions were initially pH-controlled, and consequently we do not anticipate significant differences in mineral dissolution rates due to changes in pH. Dissolution in organic-containing solutions in our experiments is likely enhanced relative to inorganic controls both by complex formation at the mineral surface and by complexation of ions in solution changing the solution saturation state.
Oxalic acid-bearing solutions resulted in the largest increase in phosphate release rates relative to inorganic controls for all minerals. Calcium release in the presence of oxalic acid solutions could not be measured due to the presumed formation of calcium oxalate, as has been previously documented (Goyne et al., 2006) . Oxalate has two
FIG. 4.
Mineral dissolution rates measured in this study of (A) whitlockite, (B) merrillite, (C) chlorapatite, and (D) fluorapatite in the presence of mellitic, acetic, succinic, and methylsulfonic acids, and inorganic solutions compared to previous data from the literature. Previous studies were performed at 22-25°C and in inorganic solutions (Valsami-Jones et al., 1998; Welch et al., 2002; Guidry and Mackenzie, 2003; Adcock et al., 2013) . Colored points indicate dissolution rates measured in this study, black outlines indicate dissolution rates previously measured, and lines indicate dissolution rate laws from Adcock et al. (2013) . Error bars indicate the standard error of the rate. Color graphics are available at www.liebertonline.com/ast. Solutions from fluorapatite dissolution experiments are more undersaturated with respect to DCPA than other minerals tested.
DCPA, di-calcium phosphate anhydrous; SI, saturation index.
carboxyl groups, both of which are fully deprotonated at the pH of our experiments (*5.5) (Fig. 5) , and oxalate can function as a bidentate ligand (Valsami-Jones et al., 1998; Neaman et al., 2005) . Previous work by Furrer and Stumm (1986) found that bidentate ligands can enhance dissolution by ion complexation at the mineral surface, a process that they did not observe for monodentate ligands. Other work has also found that five membered chelate rings, such as the oxalate ion, are particularly effective at enhancing dissolution (Furrer and Stumm, 1986; Neaman et al., 2005; Goyne et al., 2006) . Enhancement of elemental release by oxalate has been shown at concentrations as low as micromolar to millimolar (Goyne et al., 2006; Olsen and Rimstidt, 2008) , and previous work has also shown that the relationship between the log dissolution rate and the log concentration of oxalic acid is linear (Olsen and Rimstidt, 2008) . Mellitic acid in solution shows, in general, the largest enhancement of calcium release rates relative to inorganic solutions (4 to *14· release rates from the inorganic control). Mellitic acid has the largest number of deprotonated carboxyl groups used in our experiments, with four per molecule at pH 5.5. Previous work by Wu et al. (1996) suggests multiple bonding possibilities for mellitic acid, including its ability to act as a bidentate ligand, chain formation, and monodentate complexation. Mellitic acid may therefore be capable of enhancing dissolution by complexation at the mineral surface as a bidentate ligand.
In contrast to oxalic and mellitic acids, both succinic and acetic acid are monodentate ligands at the pH of our experiments. Based on previous work (Furrer and Stumm, 1986) , we therefore would not expect them to significantly enhance dissolution rates by forming complexes at the mineral surface. Perhaps due in part to diminished surface complexation, our experiments show that calcium release rates from fluorapatite are minimally enhanced by acetic acid and succinic acid relative to the inorganic controls (<2· Ca release rates from the inorganic control). These observations are consistent with previous work on fluorapatite dissolution in the presence of acetic and succinic acid (Neaman et al., 2005; Goyne et al., 2006) . However, surprisingly, our experiments show that acetic acid and succinic acid substantially enhance (3 to 10 ·) calcium release rates from whitlockite, merrillite, and chlorapatite relative to calcium release rates from the inorganic mineral control (Table 1) . We therefore examine whether this effect could be due to changes in extent of undersaturation relative to the solid phase as previously observed by Drever and Stillings (1997) for mineral dissolution in the presence of organic compounds.
Previous work has found that fluorapatite forms a leached surface layer during dissolution experiments that controls the apparent solubility of the mineral (Chairat et al., 2007) . Making the assumption that such a leached layer might also form on other calcium phosphate minerals during dissolution, we calculated the SI for the first and sixth time point (final time point used in calculation of dissolution rates) of each of our inorganic experiments with respect to DCPA, the mineral present in the previously studied leached layer (Chairat et al., 2007) to test whether the extent of undersaturation might be affecting dissolution rates in our experiments. Our results (Table 2) show that the solutions present in the fluorapatite dissolution experiments are most undersaturated with respect to DCPA, while solutions in the chlorapatite, whitlockite, and merrillite experiments are closer to equilibrium with DCPA. Chlorapatite, whitlockite, and merrillite dissolution may therefore be occurring closer to equilibrium with this putative leached layer, due to the faster inorganic dissolution rates of these minerals.
We therefore hypothesize that in the solutions that are closer to equilibrium (in the whitlockite, merrillite and chlorapatite experiments), the presence of organic compounds that can complex Ca in solution changes the solution saturation state sufficiently to enhance dissolution. In contrast, for fluorapatite dissolution, we hypothesize that since dissolution is occurring farther from equilibrium, changing the solution saturation state with the monodentate acetic and succinic acids results in little change in dissolution rates relative to the inorganic controls. To test this hypothesis, we examine the ligand-cation complex for each ligand.
The ligand-cation stability constant has been previously used to explain differences in elemental release during dissolution in the presence of organic acid (Hausrath et al., 2009) . However, stability constants with Ca and Mg have not been measured for all the organic compounds used in this study. The strength of the ligand-cation complex is, however, correlated with the compound's pK a (Dimmock et al., 1995) . We therefore compare dissolution rate enhancement in the presence of each organic compound relative to the inorganic control to the pK a value for each acid ( Fig. 6 and Table 3 ). The pK a of the organic compound is a good predictor of the extent of dissolution enhancement in the presence of the organic compound relative to the inorganic control from chlorapatite, whitlockite, and merrillite where we expect ligand-Ca complexation in solution to play an important role in dissolution enhancement due to solutions that are closer to equilibrium (Fig. 6) . Fluorapatite FIG. 5. Dissociation constants for each organic acid used in this study. Black squares represent the pK a value corresponding to the first proton loss, red circles represent the pK a values for additional proton loss. The horizontal line at 5.5 indicates the experimental pH. All organic compounds are fully dissociated except for succinic and mellitic acid. Color graphics are available at www.liebertonline.com/ast.
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dissolution breaks from this trend, however, supporting the conclusion that aqueous ligand-Ca complexation is less important to dissolution of fluorapatite due to the greater extent of undersaturation in solutions relative to the leached layer solid phase (Fig. 6 ). Ca and P release rates in the presence of methylsulfonic acid were either slightly decreased relative to, or similar to, the inorganic controls (0.27-1.11 · release rates from the inorganic controls) ( Table 1 ). The lack of dissolution enhancement relative to inorganic controls is consistent with the fact that methylsulfonic acid is a strong acid, and therefore not expected to bind strongly to the calcium ion (Fig. 6) . We also anticipate that traces of sulfate or sulfite contamination in the methylsulfonic acid may be forming an armoring layer on the mineral surface and decreasing dissolution based on previous observations of sulfite as a breakdown product of methylsulfonic acid (Thompson et al., 1995) (Fig. 6) .
In summary, we propose that the largest enhancement in elemental release rates shown for oxalic (7-45·) and mellitic acid (*2.5 to 14· release rates from inorganic controls) is due to the fact that these ligands can behave as bidentate ligands, and thus complex ions both at the mineral surface and in solution. In contrast, we anticipate that acetic and succinic acids, which are monodentate at the pH of our experiments, affect dissolution primarily through aqueous ion complexation which changes the extent of undersaturation with respect to the solid phase. The impact of acetic and succinic acids is much greater on whitlockite, merrillite and chlorapatite dissolution rates (3-10· dissolution rates of inorganic controls), where solutions are closer to equilibrium with DCPA, than on fluorapatite dissolution rates (<*2· inorganic controls), which are farther from equilibrium with DCPA. Consistent with this hypothesis, the pK a s of each compound, which are correlated with the strength of the ligand-cation complex (Dimmock et al., 1995) , are good predictors of dissolution enhancement of chlorapatite, whitlockite, and merrillite, but not fluorapatite. Methylsulfonic acid, a strong acid, shows either a slight decrease to no effect (0.27-1.11· release rates from the inorganic controls).
Implications for Mars
Multiple phosphates, including F-rich apatite (McCubbin and Nekvasil, 2008) , Cl-rich apatite (McSween and Treiman, 1998; Bridges and Grady, 2000; Greenwood et al., 2003) , and merrillite (McSween and Treiman, 1998; Greenwood et al., 2003; Shearer et al., 2015) are present in martian meteorites. In addition, apparent depletion of phosphate and formation of secondary phosphate phases suggests aqueous alteration of calcium phosphate minerals on Mars (Hurowitz et al., 2006; FIG. 6 . The log of the ratio of the mineral dissolution rate in the presence of the organic compound to the inorganic dissolution rate (based on calcium) versus the pK a for each organic acid. These results indicate that the lack of enhancement of dissolution in the presence of methylsulfonic acid relative to inorganic controls is consistent with its characteristic as a strong acid, and that the pK a is a reasonable predictor for enhanced calcium release from whitlockite, merrillite and chlorapatite relative to inorganic solutions. The trend does not hold for fluorapatite, which is likely due to a greater extent of undersaturation as discussed in section 4: Discussion. Lane et al., 2008; Hausrath et al., 2013; Adcock and Hausrath, 2015; Berger et al., 2016; Forni et al., 2017) . Multiple instruments, including Alpha Particle X-ray Spectrometer (APXS), CheMin, Mössbauer, and SHERLOC, have been used on the Mars Exploration Rovers and Mars Science Laboratory (MSL) rover, or can be used (Mars 2020), to examine phosphate minerals and mobility on Mars (e.g., Hurowitz et al., 2006; Lane et al., 2008; Ming et al., 2008; Hausrath et al., 2013; Beegle et al., 2014; Rampe et al., 2017) .
LIBS measurements of these Mars-relevant phosphate minerals indicate that they can potentially be distinguished from each other using the ChemCam or SuperCam instrument on Mars. Specifically, fluorapatite can be distinguished by the CaF peak (SOM) and either the presence of P or the amount of F present to distinguish it from fluorite as has previously been demonstrated by Forni et al. (2015) ; Meslin et al. (2016); Forni et al. (2017) , and chlorapatite can be similarly distinguished using the CaCl peak (SOM). Furthermore, both Mg-and Fe-bearing whitlockite can be distinguished from Mg-and Fe-bearing merrillite by the presence or absence of the H peak in LIBS data, respectively (SOM). The ability to identify these minerals on Mars will also be strengthened by the presence of the Raman on SuperCam, as well as the chemical analyses present from PIXL on Mars 2020. The potential identification of these minerals in situ, with their different dissolution behavior under both inorganic and organic conditions, has the ability to help interpret phosphate mobility on Mars, as well as a better understanding of martian phosphate minerals .
Phosphate release rates from chlorapatite, whitlockite, and merrillite were enhanced by mellitic, oxalic, succinic, and acetic acids by as much as >35· relative to inorganic controls. Importantly, dissolution rates of merrillite, whitlockite, and chlorapatite were much more strongly enhanced by acetic and succinic acids (3-10· dissolution rates of inorganic controls) than were dissolution rates of fluorapatite (<*2· dissolution rates of inorganic controls). This may be due to the fact that dissolution of whitlockite, merrillite, and chlorapatite is likely occurring much closer to equilibrium with a leached layer, suggesting that these minerals might be more sensitive indicators of the presence of organic compounds than fluorapatite. All pK a values obtained from Martell and Smith (1974) .
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This difference in the effect of the organic compounds on different phosphate minerals is important to understanding Mars. While F and Cl contents of apatite on Mars vary broadly and fluorapatite or F-rich apatite has been found in martian meteorites (e.g., McCubbin and Nekvasil, 2008; McCubbin et al., 2016) and detected at Gale Crater on Mars (Forni et al., 2015; Treiman et al., 2016) , and the dominant terrestrial igneous phosphate mineral is fluorapatite (e.g., McKelvey, 1973; McClellan and Van Kauwenbergh, 1990) , meteorites suggest that chlorapatite or Cl-rich apatite is more prevalent on Mars than Earth . In fact, the most representative sample of the martian crust and surface, the 4.4 Ga regolith breccia meteorite Northwest Africa (NWA) 7034 and paired meteorites (Agee et al., 2013; Hewins et al., 2013; Udry et al., 2014; Santos et al., 2015) , contains almost exclusively chlorapatite (i.e., >50% Cl -occupancy of the F,Cl,OH site) . Thus, chlorapatite was likely an important phosphate phase on Mars during the Noachian. Moreover, merrillite is the dominant phosphate species in some martian meteorites such as the shergottites (McSween and Treiman, 1998; Shearer et al., 2011 Shearer et al., , 2015 McCubbin et al., 2016; Adcock et al., 2017) . Understanding the different dissolution behavior of these Mars-relevant minerals is therefore important for understanding past water-rock interactions on Mars.
The effect of organic compounds on phosphate mineral depletion has previously been documented in terrestrial paleosols, where it has been interpreted as evidence of ligands secreted by terrestrial organisms (Neaman et al., 2005) . Similar results showing phosphate depletion from basalts in the presence of organic acids in laboratory experiments (Hausrath et al., 2009) and in modern soils (Hausrath et al., 2011) have also been documented. Our results showing that Mars-relevant phosphate minerals can be more sensitive to organic compounds than fluorapatite therefore indicate that preferential depletion of phosphate minerals on Mars would be a more sensitive indicator of the presence of organic compounds, whether biotic or deposited from meteorites, than on Earth.
Observations that would confirm the past presence of organic compounds on Mars may be difficult. Neaman et al. (2005) argued that mobilization of Fe and P, but immobility of Al, was consistent with the presence of organic compounds under low water conditions, thereby allowing the mobility of Fe and P to be attributed to organic compounds rather than simply leaching. Although such observations would always need to be taken into context and examined in light of all data, in a similarly developed weathering profile or paleosol on Mars, mobilization of Fe and P, but immobility of Al might similarly indicate the presence of past organic compounds.
Recent data from the SAM instrument have indicated the presence of perchlorate, benzoic acid, dichloroalkanes and chlorobenzenes (Freissinet et al., 2015; Miller et al., 2016) , as well as potential precursors of chlorobenzene formation such as propanol, 1,2-dichloropropane, and benzene carboxylic acids (Miller et al., 2016) , and pyrolysis products including thiophenic, aromatic, and aliphatic compounds at high temperatures (Eigenbrode et al., 2018) . Estimates suggest that the concentrations of benzenhexacarboxylic acid (mellitic acid) present in martian soils may have been as high as 500 ppm organic carbon (500 mg mellitic acid per kg soil) in the top meter of martian soil after 3 billion years (Benner et al., 2000) . Measurements by SAM indicate values in Yellowknife Bay of up to about 300 ppb (Freissinet et al., 2015) , and nanomolar concentrations in Mojave and Confidence Hills (Eigenbrode et al., 2018) .
Meteorite-deposited organic matter might have been important on early Mars during the Noachian, when there may have been more abundant water than currently present on Mars. Mellitic and oxalic acids generated as postulated by Benner et al. (2000) could also have impacted dissolution in episodic water present in the Hesperian and Amazonian. However, a putative martian biosphere might have produced much more abundant organic acids than those deposited from meteorites, and acetic, succinic, and oxalic acids are known to be produced by terrestrial microorganisms (Heyer and Krumbein, 1991; Prescott et al., 1996; Madigan et al., 2003) . Therefore, the presence of such a martian biosphere might well be recorded in the sensitivity of merrillite, chlorapatite and whitlockite dissolution to the presence of organic acids. This potential organomarker should be tested against other potential biosignatures (e.g., Hays et al., 2017) , particularly since clay minerals that can preserve organic compounds can also record oxidized conditions that may destroy them (Gainey et al., 2017) .
Increases in phosphate release from Mars-relevant minerals due to organic compounds might have been even more pronounced at the higher and potentially more habitable circumneutral pH values found at Gale Crater (Grotzinger et al., 2014) and the Phoenix landing site (Kounaves et al., 2010) . Greater deprotonation at higher pH values above the pK a s of organic acids would provide more reactive, negatively charged ligands to react with phosphate minerals and complex aqueous cations. The observed effect of organic compounds on martian phosphate dissolution would therefore have been strongest under near-neutral, habitable conditions.
Conclusions
This study provides evidence that a range of organic compounds likely present in martian soils can enhance phosphate release from Mars-relevant minerals relative to dissolution in inorganic solutions. Specifically, dissolution of Mars-relevant merrillite, whitlockite, and chlorapatite was much more strongly enhanced by acetic and succinic acids than was fluorapatite, the dominant terrestrial igneous phosphate mineral. Acetic and succinic acid are likely present on Mars from carbonaceous chondrites, and they are also produced by terrestrial microorganisms (Heyer and Krumbein, 1991; Prescott et al., 1996; Madigan et al., 2003) .
Phosphate mobility from paleosols has been considered a proxy for organic compounds secreted by terrestrial organisms on early Earth (Neaman et al., 2005) . Importantly, our results suggest that dissolution of the dominant phosphate minerals on Mars may be strongly impacted by organic compounds, making depletion of these phosphate-bearing minerals a potentially sensitive indicator of the past presence of organic compounds on Mars. We also show that the minerals tested here can be distinguished from each other by ChemCam, and also SuperCam LIBS which is being developed for the Mars 2020 rover. Further work is needed to understand the behavior of these Mars-relevant minerals in the presence of a wide range of potential biotic and prebiotic organic compounds.
